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FOREWORD 

This Is the final Technical Documentary Report for ASD 
Contract AP 33 (657)-3103, summarizing all activities pertinent 
to the contract.  Essential information included in monthly 
status letter reports prepared during the course of the contract 
(May 1962 through July 1963) has been incorporated in this 
report, so that it may he utilized as a single entity. 

The work described vas performed, for the most part, by 
Donald Koch of the Optics Laboratory, Jamss Nixon of Thermal 
Analysis, and Raymond Wykes of Structural Sciences at the Los 
Angeles Division of North American Aviation, Inc.  Responsibility 
for supervising the program vas assigned to Seymour Kbnopken 
(during the early months) and, later, Robert KLemm, under overall 
management of R. R. Jansscn, Director, Laboratories. 

Direction and guidance by the ASD Program Manager, Mr. H. R. 
Gedling, and his predecessor. Lt. L. Reynolds, during the contract 
period are gratefully acknowledged. 

The Contractor's assigned number for this report is NA-63-717« 
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ABSTRACT 

The purpose of this contract was twofold:  (l) to attempt laboratory 
verification of the analytically predicted effects of environmentally- 
stressed windows on photographic image quality, and (2) to perfozm an 
engineering investigation directed toward the more precise determina- 
tion of the window environment to be expected in a hypersonic vehicle, 
and the feasibility of reducing the severity of such an environment. 
Both objectives have been fulfilled. It is recommended that flight 
tests be considered in any subsequent program, in order to more closely 
simulate the environmental factors which affect window performance. It 
is further recommended that research be directed toward the attainment 
of a suitable method for direct measurement of temperature distributions 
within glass panels. 

Publication of this technical documentary report does nol 
Air Korea approval of the report's findinos or conclusions, 
published only for the exchange and stimulation of ideas. 

constitute 
It is 
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Section I 

Photographic reconnaissance has for many years been one of the nost 
effective means for the collection of Intelligence Information.    Wltb the 
advent of supersonic and hypersonic "rehiclcs, the enrlronmental conditions 
to vhlch the camera systems are exposed have become more severe.    At the 
same time« because of the higher velocities and altitudes« the require- 
ments for optical quality end precision are more stringent. 

The photographic vlndov« separating the camera coapartnant from 
external envlroniaent, performs several necessary ftmetii 

the 

(a) It protects the camera from excessive heat. 

(b) It helps maintain an aerodynamlcally acceptable soldllne. 

(c) It acts as a pressure seal for the camera compartment. 

It should perform these functions while not adversely affecting the perfor- 
mance of the camera. 

Tbe heat generated at the skin of a supersonic vehicle la absorbed by 
the window.    The part of the glass which Is nearer the outer surface absorbs 
more heat than the Inner portions.    Since the glass expands as a function 
of temperature« the temperature differential through the glass Induces a 
bowing (bending) of the window.    The stressed window then act a as an addi- 
tional« unwanted "diffusing lens** In front of the camera«  causing distortion 
of the image and a general reduction In clarity of the photographs.    This 
degradation of image quality can mean the difference between effective recon- 
naissance and a wasted mission. 

While the effects of stressed windows on photographic Image quality have 
been analyzed to some extent in the past«  little or no experimenteü. verifi- 
cation of the phenomena has been attempted.     It is the purpose of this con- 
tract to perform a laboratory investigation of the effects« and to evolve 
desitfi techniques for the partial protection of photographic windows from 
the severities of hypersonic vehicle environments. 

üanuscript released by the author 30 March 1.96h far publication as an 
RTD Technical Report. 



Section II 

SDMHART 

Results of « research program on photographic vlndovs for use In super- 
sonic and hypersonic vehicles are presented In this report.     Previous analy- 
tical predictions concerning the effects of Induced vlndov curvature on 
optical quality have been found to be questionable.    Certain assumptions 
upon which the predictions were based vere found to be somewhat Inadequate, 
and the equations were modified accordingly.    Good qualitative agreement 
between experimental results and the modified theory was then established. 

Investigations of several typical aircraft trajectories has yielded 
useful Information concerning heat transfer through camera windows, tempera- 
ture distributions within the windows,   and pressure differentials, as func- 
tions of time.     Particularly for a high-ancle and a low-angle re-entry 
trajectory for a Dynasoar-type vehicle, a great deal of thermal data was 
generated during the program,  for evaluation of Dynasoar as a possible re- 
connaissance vehicle. 

Desicn criteria and techniques for thermal protection of camera windows 
have been evolved.     Several designs for camera window mounts suitable for 
use in a high-temperature (2500 F) environment are included In this report. 
In addition,  the efficacy of protecting the window from the thermal environ- 
ment has been  investigated.    Two methods,   separation of aerodynamic flow 
(recessing the window) and controlled expansion flow (tilting the window) 
have been found to be feasible.     Controlled expansion flow can reduce the 
heat input to the window by 30 to 50 percent,  reducing the window temperature 
correspondingly. 

Cancellation of the Dynasoar program negates the usefulness of a 
portion of the  data presented herein.     But the analytical procedures for 
obtaining that  data,   developed during the course of this contract,  are 
obviously applicable to the generation of analogous data for other advanced 
vehicles. 



Section HI 

PROGRAM OBJECTIVES 

The general objectives of the program were nto provide for the 
experimental verification (or contradiction) of the calculated effects 
of supersonic and hypersonic speed on an unprotected photographic vlndov, 
sad to evolve methods of Installation and thermal protection," Reference k, 

Ihe specific objectives were as follows: 

(a) Literature Survey 

(b) Parameter Analysis 

Establishment of reliable optical methods for evaluation of photographic 
quality. 

Selection of photographic missions based on existing or planned vehicles. 

Determination of expected window temperature gradients and pressure 
differentials. 

(c) Verification of Analysis 

Experimental determination of the dependence of optical deviation and 
resolution on temperature and pressure differences, glass type, shape, and 
thickness. 

Experimental determination of the dependence of optical deviation and 
resolution on boundary layer refraction, shock wave interference, and Vrsi 
sity. 

(d) Design Recotrccndations 

Establinhraent of three mission profiles covering the range of super« 
sonic, high supersonic, and hypersonic aircraft. 

Design of representative window mountings. 

r.ecorr 'endations end. conclusions based on the results of the program. 

She objectives of the engineering program were used for defining the 
separote tc:r;k3 cV-ronoIoeically,  and for maintaining schedule control. 
OrgrMiizatlonal.Iy, however, the work was divided into four distinct areas 
of effort: 

A. Aerothcnrodynamic Analysis 
B. Optical Analysis and Tests 
C. Luuiinosity Test 
D. Structural Design 

In collating the results of the program, these organizational subdivisions 
provide a clearer perspective of the overall research than does the chrono- 
logical outline, and the technical portion of this report will be subdivided 
accordingly. 



Section If 

AEROVBERMOIKKAMIC JUIATtTBTB 

The theroetlcal work done by Vldya, Inc.# References 1 and 2, and others 
has provided tentative data on expected flow characteristics In the vicinity 
or an aircraft camera vlndov# and on effects of the presence of the boundary 
layer and shock vave on photographic quality. It la the purpose of the pre- 
sent work to supply more definitive Infomatloa. 

A literature search was conducted to provide background for this study« 
The range of Interest was divided Into two general realms, namely, the hyper- 
sonic region above M 3*0 (M Is used In this report to Indicate Mach number) 
and the supersonic regime below M 5.0.  The requirements for operation below 
M 5.0 are not concerned with structural and material temperature limits# but 
rather with the thermal distributions and enviroment which cause distortion 
and resolution problems in the camera window. The hypersonic regime has 
another order of problems which stem from the thermal limits of the materials 
Involved as well as the highly excited »täte of the thermal environment along 
the surface of the vehicle outside of the window. The theoretical analysis 
was directed largely toward the hypersonic problems, since this area is not 
as well defined and appears to impose severe structural and temperature limi- 
tations on materials, as well as exhibiting a high-temperature flow field. 

Two specific areas of study were pursued, namely, (l) simple methods of 
aerodynamic protection of the camera window, and (2) calculation of the tem- 
perature distribution through a diathemianous material. A diathermanous 
material allows radiation exchange directly to and from points within the 
material. In the case of an opaque material, on the other hand, the radia- 
tion exchange is assumed to be solely a surface function. 

Two methods of aerodynamic protection have been considered. These are 
(l) separation (by means of a cavity), and (2) expansion of the flow over the 
window outer surface. The calculated environmental conditions consider a 
re-entering vehicle wing with trajectories at two angles of attack, for two 
locations on the assumed vehicle, for both laminar and turbulent flow. It 
is expected that the major points of interest are thereby approximated, and 
an estimate of the magnitude of importance of the location, expansion or 
separation surface, and type of flow can be made. Other effects, such as 
the temperature distribution through an edge mount, the heat load to the 
canora compartment, and the effect of an opaque window versus a diathermanous 
window are also consideied. The data presented compare the aerodynamic con- 
ditions which may be expected for the trajectories selected. The condition 
of turbulent flow at one foot aft of the nose is an unrealistic condition. 
However, this curve is included in order to complete the map of conditions. 
It is thus assumed that the actual flow conditions are contained within the 
bounds of the conditions plotted. The effects of expansion on the window 
surface hove been analyzed by comparing the computed heating rates with 
various expansion angles during a hypersonic re-entry trajectory. 



TRAJECTORY' SELBCTIOtf 

Three basic trajectories, covering a vide range of vehicle perfo: 
were selected tor  study: 

1. Supersonic flight at sea level 
2. hypersonic flight at high altitude 
3»  Hypersonic re-entry 

Trajectories 2 and 3 were further subdivided: 

2A. X.15 aircraft, flight #2-21 (higi-speed) 
2B. typical X-15 high-speed flight 
2C. Typical X-15 high-altitude flight 
3A. High angle of attack hypersonic re-entry 
3B. Low angle of attack hypersonic re-entry 

Altitude-velocity curves, defining the five trajectories are shown in Figure 1. 
Typical tenroerature-time histories for these trajectories are given in Figure 2. 

Several important flight parameters for trajectory #1 are given as func- 
tions of time in Figure 3: These Include: 

(a) Altitude 
(b) Mach number 
(c) Angle of attack 
(d) Dynamic Pressure 
(e) Axial load factor 
(f) Normal load factor 

In this trajectory the convectlve heating rate and net heating rate. Figure h 
and 5 respectively, are characterized by a single, quick impulse of best 
flux followed by a long period during which the heating rates are very small. 
Two graphs are shown in each figure, corresponding to two different points on 
the fuselage, one at the nose and the other one foot aft of the nose. Tbemal 
emisslvlties of 0.80 were assumed for the skin material in each case. Calcula- 
ted skin temperatures (assuming a thin skin) for each of the two locations 
selected are given in Figure 6. At the front of the vehicle the temperature 
levels off at about 975 F, while at a position one foot aft of the nose the 
temperature is down to 870 F. 

Teeperaturc-tiro histories for a fused silica photographic window during 
trajectory irl  were calculated, and are shown in Figure 7- The window Is 
assumed to be one foot aft of the nose, and its thermal properties are assumed 
to be equivalent to an opaque material. This particular window is 1-1/2 Inches 
thick, and is mounted with a columbium-Inconel X edge attachment. Index 
numbers on the curves in the upper chart correspond to relative locations 
Inside the window and mount, as indicated in the lower schematic diagram. It 
is seen that the outer surface of the glass never reaches a temperature higher 
than 830 F, but a portion of the metal mount may go considerably higher. The 
temperature gradient through the window can be determined from curves 1, 2, 
k,  and 7 of this figure. It varies considerably with time, decreasing as 
the inner portions of the glass absorb heat. 



Flight parameters for X-15 high-speed flight #2-21 (trajectory 2A 
in this report) have been included for information purposes. Figure 8 
through 11. The  parameters are all given as functions of tine, and 
include: 

fa) Altitude 
fb) Mach number 
c) Angle of Attack 
.d) Dynamic pressure 
[e) Longitudinal acceleration 
If) Normal acceleration 
(g) Local pressure coefficient 

(nose and nix  feet aft) 
(h) Net heating rate 

(nose and six feet aft) 
(i) Skin temperature 

(nose and six feet aft) 

Skin temperature at a point six feet aft of the nose rises steadily to about 
900 F in a matter of minutes, then drops rapidly as the aircraft velocity is 
reduced. 

The flight paraireters (Figure 8) for the actual X-15 high-speed flight 
have been smoothed in Figure 12 to define a typical high-speed flight, 
trajectory 2B.  These data can then be used to calculate temperature-time 
histories of various points within a wlndov, as was done previously for the 
supersonic, sea level trajectory #1 (Figure 7). Two thicknesses of window 
are considered, 3/8 Inch and 1-1/2 Inches, Figures 13 and 1^ respectively. 
Each of the windows Is considered to be thermally opaque, and located 12 feet 
aft of the nose.  The window mount is similar in configuration to that of 
the vehicle In trajectory #1 (Figure 7)* except that titanium can be used 
at the lower temperature.  It is seen that neither window ever reaches a 
temperature above 350 F at the outer surface.  It is also obvious that the 
temperature gradient through the thicker window is much less uniform than 
that of the thinner window, as would be expected. 

Flight parameters for a typical X-15 high-altitude flight are presented 
in Figures 15 through 18, and Include: 

(a) Altitude 
(b) Kaeb number 
(c) Angle of attack 
(d) Dynamic pressure 
(e) Normal acceleration 
(f) Local pressure coefficient 

(two locations) 
(g) Net heating rate (two locations) 
(h)  Skin temperature (two locations) 



The two locations on the aircraft considered here are about six feet aft 
of the nose and the ventral leading edge. The  sudden Increase In skin tem- 
perature at 300 seconds Is due to an Increase In velocity at a lover alti- 
tude. 

The above data were all calculated utilizing perfect gas relationship«. 
These are considered reasonably satisfactory for trajectories 1 and 2,  but 
are not realistic enough for the hypersonic re-entries (trajectories 3A and 
3B). In trajectories 3A and 3B real gas relationships are used in order to 
provide data which should more closely describe the actual local conditions 
on the vehicle surfaces In question. The figures are identified according 
to the aethod used. The code TSTP Indicates Transient Skin Temperature 
Program (perfect gas). Reference 6. The code HASTE refers to Hypersonic 
and Supersonic Temoerature Evaluation Program (real gas). References 7 end 
Ik. 

Flight parameters for trajectories 3A and 3B are given in Figures 19 
and 20. Both trajectories are  considered to have a constant angle of attack, 
one being nominally high (50 degrees) and the other low (15 degrees). The 
50 degree re-entry, trajectory 3A, is subject to heating conditions over a 
time period only half as long as trajectory 33, and therefore the heating 
problems are not as severe. Typical temperature-time curves to Illustrate 
this were shown In Figure 2. 

Trajectories 3A and 3B are further subdivided by location of the point 
of interest on the vehicle, and according to whether laminar or turbulent 
boundary layer flow is being considered. Thus 3AL6 refers to a point six 
feet aft of the nose, with laminar flow, in trajectory 3A (50 degree angle 
re-entry). Similarly, 33T1 refers to a point one foot aft, with turbulent 
flow, in the 15 degree angle re-entry.  In the following paragraphs these 
variations are discussed in detail. 

HiCIDEUT KEAT FLUX TO TIE WINDOW 

Effect of Window Location 

The effect of window location along the vehicle surface may be con- 
sidered by referring to Figure 21, which is a graph of ccnvectlve heating 
rates reculting from lajninar and turbulent flow, one foot aft and six feet 
aft, in the 3A trajectory (50 degree angle of attack).  It is observed that, 
for both the Icr.iitar and the turbulent condition, the heating rate is con- 
siderably less at the locations farthest from the nose.  Locating a photo- 
graphic window os far aft as possible, therefore, is of obvious benefit, 
particularly in the case of laminar flow where a reduction of more than 50 
percent can be achieved by locating the window at the six-foot position 
instead of the one-foot position. As may be expected when the Reynolds 
number is sufficiently low, the maximum heating rate for turbulent flow 
is less than that of the laminar at one foot, but is considerably more than 
the laminar at six feet. 



The 3B trajectories show a considerably different trend In the tine 
at which peak heating occurs.  Referring to Figure 1 the 3B trajectory Is 
at much lover altitudes for equivalent Mach numbers. During the early part 
of the 3B trajectory. Figure 22, the one-foot aft location with laminar flow 
Is subjected to the highest heating rate, as In the 3A trajectory. But, 
since the 3B trajectory Is much longer In duration, and the peak heating 
occurs at a lower altitude (and higher Reynolds number), the turbulent flow 
soon produces a higher rate than the laminar flow. This Is true for both 
locations. The maxlnum heating rate In the 3B trajectory is, la all cases, 
higher than that In trajectory 3A. 

Effect of Air Expansion 

As stated before. Figures 21 and 22 show a summary of theoretical com- 
parisons between heating rates at two locations for two flow conditions, in 
two trajectories. The  vehicle nose radius is considered to be 7.5 Inches at 
zero sweep angle. The  six foot aft location is most pertinent to possible 
photographic window locations. Only the downward-looking surface was con- 
sidered.  In the paragraphs that follow, angles of expanclon are listed 
with reference to a zero angle such that the surface of interest is parallel 
to the vehicle centerllne. 

Tia-alnar Flow Region 

Convective heating rates versus time are presented in Figure 23 for 
various angles of expansion from minus ten degrees to plus 30 degrees. The 
-10 degree angle is included in order to extend the study to a point on the 
vehicle which may be oriented at +10 degrees angle of attack when the vehicle 
centerllne is parallel to the direction of flow. This is represented as a 
negative expansion angle.  From Figure 23 it is evident that expansion angles 
of more than ten degrees result in a significant reduction in the convective 
heating rate. The same effect is evident at the six foot aft location. 
Figure 2k.    These are controlled expansions, not separation. 

Chapman, Reference 9> has  provided a theoretical analysis of heat trans- 
fer in regions of separated flow. The paper by Larcon, Reference 8, supplies 
data for correlation of Chapman's theory for laminar flow separation heat 
transfer. This analysis indicates a theoretical reduction of approximately 
hh  percent for two-dlr:onsional bodies, and is apparently Independent of the 
toTiperature of the surface area beneath the separated boundary layers.  The 
investigation of Charwat, Reference 10, concurs with the results reported 
by Larson for laminar flow if the boundary layer up-stream of the cavity is 
thin.  Coriiarison of this reduction of hh  percent in heat flux due to laminar 
region separation with that theoretically available from controlled expansion 
Is of interest.  The theoretically available reductions for controlled expan- 
sion depend upon the acsvmptlon that the flow will follow the expansion angle 
without separation. The expansion r.ngles plotted are either parallel to or 
"see" the oneening flow. They are not 1'xger than the nngle of attack of 
the vehicle.  This would tend to stabilize the flow and, therefore, make 
separation less likely. 
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By referring to Figure 23 it Is seen that a 30 degree expansion angle 
Is not sufficient to produce a kh  percent reduction In maximum heat flux, 
and so this angle of expansion Is not as efficient as a complete separation 
of flov.  It Is estimated from cross plots that an angle of approximately 
35 degrees would be required, for both the one-foot and six-foot position 
In the 3AL trajectory, to provide protection equal to that provided by- 
separated flow regions.  Whether the controlled expansion can provide even 
more protection than the fully separated region remains to be Investigated. 

The heating rates calculated for the 3B trajectory with laminar flow 
are given In Figures 25 and 26 for the one-foot and six foot position.  For 
this trajectory, with an angle of attack of 15 degrees, an expansion angle 
of only ten degrees provides a relatively large amount of protection.  The 
heating rates are reduced by approximately ^0 percent.  At the six-foot 
location an expansion angle of 15 degrees theoretically provides the same 
amount of thermal .protection as that which would be expected from a cavity 
with complete flow separation. 

Turbulent Flow Region 

The data of Charwat et al. Reference 10, concludes that the turbulent 
heat transfer to a cavity is a function of the boundary layer thickness of 
the incoming stream. If the boundary layer is thin (less them the depth 
of the cavity), the heat transfer Is reduced by a factor of approximately 
two.  If it is thick, the heat transfer can even be increased. The  effect 
of the expansion angle when the flow is turbulent is shown in Figures 27 
and 28, a^ain for a one-foot and a six-foot location, 3A trajectory.  It 
is quite unlikely that the flow would be turbulent at the one-foot location 
during the re-entry time of Interest. However, this one-foot turbulent 
study shows approximately the same effectiveness In reducing convectlve 
heat flux to the surface as that of the six-foot location. Therefore, 
the effectiveness may be assumed to be nearly constant at any location 
botveon one-foot and six-feet aft. 

Sinilar charts, for the 3B trajectory, are shown in Figures 29 and 30. 
The saTie general trend observed in the 3A trajectory is also evident here. 
It is interesting to note that, in the 15 degree angle of attack trajectory 
3B, a negative expansion angle shows an Increased heating rate, as would 
be expected. Figures 25, 29, and 30.  But, in the 50 degree trajectory 3A, 
a negative expansion ancle shows a lower heating rate than a zero angle 
(where the window is flush with the moldline). Figures 23, 27, and 28.  This 
may be a result of the particular calculation methods which were selected, 
since the very lar.^e angle of attack combined with an additional expansion 
angle places the window at an angle of 60 degrees to the oncoming flow.  A 
reduction in calculated local velocity on the surface at this extreme angle 
would probably account for the reduced heating rate. 

Cone1MSions 

The firct order of importance in window protection is the location of 
any photogra.hic window as far aft as would be practical. The next order 
of importance is to -raintain laminar flow over the surface, if possible. 



A controlled expansion flow wonld have an advanto^e -wer separated flow In 
that,   should the flow become turbulent,  a sn.all angle of expansion  is  quite 
effective  in reducing heat flux to the window.     This  is especially true 
during the low-angle re-entry (33), which requires a greater atnount of pro- 
tection over a longer period of time than the high-angle re-entry (3A) 
trajectory.    If the window could be made variable in angle, to keep it more 
nearly parallel to the ground at all times, window heating rates could be 
maintained at a more conctant level. 

OUTSIDE SURFACE PRESSURE ON WINDOW 

Local pressures were computed by a modification of Creager's method 
Reference  11, which includes blast wave and boundary  layer convections. 
The adequacy of this method for describing the  actual situation is discussed 
in Reference  1^.     The  following calculated results were obtained. 

The effect of location of the window upon the local pressure along the 
wing surface  is shown to be negllcible, within the considerations  of this 
study.     This may be seen by comparison of BAT.l^'H and 3Al/i2H in the  left hand 
chart of Figure 31. 

The effect of local expansion angle upon this  local pressure  is con- 
siderably more pronounced,  as seen in the right hand chart of the same 
Figure 31«    These curves  show local pressure vs.  time at a point six feet 
aft of the nose,  in a lamlnary flow 3A trajectory.    The pressure may be 
theoretically reduced to one-fifth the flush value by using an expansion 
angle of 30 degrees.    The same effect holds true for the laminar 3B trajec- 
tory.   Figure 32.    The effect of expansion is even more pronounced in this 
trajectory.     In addition,   it is advantageous to place the window as  far aft 
as possible,  as seen by comparison of the one-foot and six-foot pressure 
curves  in the left-hand chart  (Figure 32). 

TEKTERA-ÜHE Or \I111XH 

Maxirr.^ heat^rv; rafcos ?r.l window temperatures  for hypersonic re-entry 
trajectories .-A und 3B have been tabulated for convenience in Table I.    The 
most likely window locations are aft of the one-foot condition.    The  flow 
at one foot aft would not be expected to be turbulent for the re-entry condi- 
tions  considered.     Put  these data do allow an estimate of the limitations 
that must be exercised upon the vehicle  flight path in order to keep the local 
window t'   peratvros  from becoming excessive. 

The data in Table  I indicate that the  longer duration,   low angle of 
attack re-entry trajectory (3B)  is characterized by a much higher heat flux 
and hicher maximum window temperature than the shorter duration, high 
angle trajectory (3A).     The temperature of an unprotected diathentanous 
window re-entering along a 3B trajectory would theoretically reach a tem- 
perature above the nominal limit of 2000 F which is considered to be the 
maxinrum safe temperature  for fused silica in this study.     This maximum 
temperature may be reduced, theoretically, by locating the window at a ten 
degree expansion angle.     In Table I,   3?rtS3 is a ten degree surface,  and the 
maximum window temperature  is less than 1600 P. 
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Because of the lonßer machine time required to run  the diathermanous 
analysis, the aerodynamic comparisons were made with an opaque glass 
analysis. It is expected that the approximate relationships between the 
opaque and the diathermanous methods of analysis would hold true through- 
out the whole spectrum of this study. Therefore, direct comparisons have 
been made for a minimum number of diathermanous calculations. The diather- 
manous temperature analysis machine program. Reference 7,  was based on the 
theory of Gordon, Reference 13. 

Hlffr Angle Re-entry 

Typical temperature-time distributions through an opaque fused silica 
window axe given for the 3A trajectory. Figures 33, 3U, and 35« These are, 
respectively, laminar one-foot, laminar six-foot, and turbulent one-foot 
flow conditions. The schematic window mounting shown is similar to that 
assumed for the supersonic, sea level trajectory. In each of the figures, 
the temperature gradient through the glass is seen to increase with time 
until 3000 seconds after start of re-entry, at which point the vehicle 
velocity is reduced to M 10. The outer surface temperatures for these three 
trajectories have been replotted in Figure 369  together with data for the 
turbulent six-foot flow condition. The same trends noted for the heating 
rates are reflected in the computed temperatures. For further comparison, 
a crossplot of temperature vs window location has been drawn for both 
laminar and turbulent flow. Figure 37» Again, it is obvious that window 
temperature can be reduced by locating it as far aft of the nose as is 
practicable. 

The effect of expansion angle on window surface temperature is illus- 
trated in Figure 38» which is typical of the data that could be plotted for 
each flow condition and surface location. This particular graph is for a 
six-foot aft position, with turbulent flow. The effect of expansion angle 
upon cnxlmum window temperature for other flow conditions may be determined 
from Table I. 

A oiore graphic presentation of the effectiveness of expansion angle in 
reducing window tenrperature is given in Figure 39• Here the reference is 
a flush window, and reductions in temperature are plotted with time, for 
various expansion angles. A rather large expansion angle (30 degrees) Is 
reo'iirod to produce an appreciable amount of thermal protection. This chart 
is for a 2.'■--? condition (turbulent flow, six feet aft). A crossplot. Figure 
'•0, shows tho effectiveness of expansion angle for other flow conditions, at 
the tine of rraxiruum window temperature. The four curves w.,»re derived for 
oinnvo  windows. The single point below the curves illustrates the effective- 
ness of expansion angle for a diathermanous window. The protection appears 
to be greater for the diathermanous window, but it should be noted that the 
raxinr.im surface temperatures are higher for diatheraanous than for opaque 
windows, as will be seen presently. 

Typical teaiperature-time distributions, calculated one - dime nsionally 
through a dlatl.crmanous window, are shown in Figures ^.1, h2,  and ^3« These 
are, respectively, turbulent flow with flush window, turbulent flow with a 
30 degree expansion angle, and laminar flow with flush window.  Figure U3 Is 
directly cor.roarablc with Figure 3^* which represents the sa-ne conditions except 
with a thcrrally opaque window. The window temperatures derived from 
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diatheraanous calculations are some 200 F higher. A crossplot of Figures 
kl  and k2  is given in Figure Uk,  where typical temperature distributions 
through the windov are shown at (l) the time of maximum temperature differ- 
ence, and (2) the time of maximum surface temperature, for both flush and 
30 degree expansion angle conditions. As additional information. Figure U5 
compares the temperatures of diatheraanous and opaque windows directly. 
In all cases the diatheraanous is hotter. 

Low Angle Re-entry 

Epical temperature-time distributions through an opaque fused silica 
window are given for the 3B trajectory. Figures U6, kf, and  U8. These are, 
respectively, laminar one-foot, laminar six-foot, and turbulent one-foot 
flow conditions. The equivalent graphs for the 3A trajectory are Figures 
33* 31*» and 35«  la each of the figures the temperature gradient is seen 
to increase with time until 6000 seconds after re-entry. The outer surface 
temperatures for these three trajectories have been plotted in Figure ^9* 
together with data for the turbulent six-foot flow condition. 

The effect of location along the surface is, in this trajectory, quite 
similar to that of the 3A trajectory. As shown in Figure 50 the maximum 
window temperature becomes lower as the location of the window is moved aft. 
Here, however, the two curves never cross. 

Bie effect of local expansion angle upon temperature difference at 
maximum temperature is shown in Figure 51« As mentioned before, the dia- 
theraanous calculations would indicate a somewhat creater effectiveness than 
the opaque calculation, but this should be weighted acainst the higher maxi- 
mum temperature of the diatheraanous window. The completely different shape 
of the curves for this trajectory (compare Figure ^0 for the other trajec- 
tory) is due to the greatly different angle of attnck. In this trajectory 
an increase In the angle serves to Increase the velocity and, therefore, the 
heating rate to the surface is also raised. The negative expansion angle 
produces the seme effect. In the 3A trajectory with its 50 degree angle 
of attack, on the other hand, an increase in angle only brings the surface 
in question to an angle which is closer to the stagnation region.  (The 
model under consideration is a two-dimensional blunt wing of constant radius.) 
The result is a greatly reduced local velocity which, in turn, reduces the 
heat transfer rate. 

The teniperatvrc-tixe distribution through a diathenr.anous window, six 
feet art, with turbulent flow, is given in Figure 52. The window Is flush with 
the raoldllne.  At the time of peak teiipcrature (2100 F) the temperature 
difference through the window is approximately 550 F. As shall be proved 
in subscqurnt sections of this report, photocraphy through such a window is 
alaost lapo33lble. The point to be made In Figure 52 is that the thermal 
envlronnent is so severe that the structural integrity of the window would 
be extremely difficult to maintain, without protection. Fortunately, such 
protection is feasible, by means of controlled-expanslon flow.  Figure 53 
shows the remarkable reduction in temperature that can te achieved by 
tilting the window to produce a ten degree expansion angle.  The outer 
surface temperature is reduced by some 530 F, the inner by 3^0 F.  The 
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tenrperature difference through the vlndov Is reduced by 150 F (30 percent). 
Tbla  Inproveneat nay not be sufficient to guarantee good photographs, but 
the structural problems have been diminished significantly. 

A direct comparison of the Instantaneous distribution through the glass # 
at the times of maximum temperature and maximum temperature difference, is 
presented in Figure fk,  for both a flush vlndov and a ten degrr.-e expansion 
angle (cf. Figure kk  for equivalent data on trajectory ?A). Using the same 
location, six feet aft, but vith laminar instead of turbulent flov, distri- 
butions through a diathermanous vlndov are given for various specific times 
after start of re-entry in Figure 55. These are shown in comparison vith 
opaque vlndov data, so that the difference in the two computational methods 
may be appraised. Figure 55 Illustrates quite readily the greater tempera- 
ture difference, lower maximum temperature, and linear temperature distri- 
bution at equilibrium, all of which are characteristics of the opaque method 
of calculation. 

Viermal Lag 

The time lag of temperature rise in various parts of the vlndov can be 
grossly evaluated by comparison of temperature-time distributions as shown 
in Figure If3*  A special machine run was made to evaluate this lag for a 
specific set of conditions. Both the opaque and the diathermanous window 
were assumed to be normalized at 600 R and instantly subjected to a heating 
rate of U.25 BTO/sec ft/?. This approximates the maximum heating rate of 
the 3AL6 trajectory. The outside surface temperature-time histories and 
instantaneous distributions through the glass at 1000 seconds and 5000 
seconds are shown in Figure U5. In neither case can the distribution through 
the diathermanous window be adequately described by the opaque analysis. 
The outstanding characteristics of the opaque analysis are Internal lag at 
the 1000 second mark and straight-line equilibrium temperatures at the 5000 
second marie. The  diathermanous calculation shows a steeper temperature 
gradient at each surface In both cases, and still presents a lower over-all 
temperature difference, ühe maximum outer surface temperature of the dia- 
thermanous material also reaches a much higher value at stabilization than 
the opaque analysis would predict.  This is explained by the fact that the 
opaque analysis neglects the radiant exchange of energy within the material 
Itself. 

COMPARTMEHT HEAT TI^AHGFER 

The  machine program written for this study made provision for the 
invest i^ation of various octhods of cooling the inner surface of the window. 
These investigations were not pursued, because of budget limitations. How- 
ever, some understanding of the relative Importance of such a study may be 
obtained by observing the effectiveness of controlled expansion flov on 
the rate of heat transfer to the camera compartment. Figure 56 shows the 
relative transfer rates for expansion angles of zero and ten degrees, in a 
3BT6 trajectory.  It is seen that the heat transfer rate is reduced by 
more than 50 percent, during the entire trajectory, when the ten degree 
expansion Is utilized. 

13 



CONCLUDING REMARKS 

The analysis presented here Is an example of the type of oerothermo- 
dynamlc study which can be provided for any specific vehicle. The machine 
programs which have been developed are not restricted to the conditions con- 
sidered for this study. 

If a particular vehicle and mission were specified, a more definitive 
selection of glass type and thickness could be made.  The heat transfer to 
the compartment, and the weight of the window, could be optimized,and the 
reduced temperature gradients would provide an Improvement In photographic 
capabilities. 

Protection of the window by means of controlled expansion flow has been 
shown to be feasible on a theoretical basis.  It would be valuable to Investi- 
gate this further In laboratory tests. 

Protection of the window by means of separated flow can be accepted 
as feasible for a laminar flow field, but the turbulent case Is less easily 
defined.  Laboratory tests might be extended Into the realm of basic data 
on the effects of local surface deflections on heat transfer. 

Hiese studies have been largely confined to a blunted two-dloenslonal 
wing problem. The specific flow characteristics of a three-dimensional body 
will not necessarily produce the same results. 
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Figure  8    Trajectory  PA PllGht   Parameters  Verauri  Time   (H.S,  Fit.   2-21) 
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Ptßuro 9    Trijoctory 2A T^ocal  Pressure Coefficient Versus Time 
(H.S.   Fit.   2-21) 
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Figure   12     Trajectory  23 Flight   Parameters Vor.ius   Tlue   (Typical 
Cpccd Flight) 



Figure  13    Trajectory 23 Temperature-Time Distribution Tiu-oujh an Opaq . 
Fused 311lca Window   3/3" Thick Mounted  aa  Shown Located 
Tv;elve Feat Aft  on   Lov;er Fuselaco Ccnterline   (TSTP) 
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Figure 1^ Trajectory 23 Temperature-Time Ölstribution Through an Opaque 
Fused Silica Window 1-1/2" Thick Mounted as Shown Located 
Twelve Feet Aft on Lower Fuselage Centerllne   (TSTP) 
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Figure 15 Trajectory 2C Flight Parameters Versus Time (High 
Altitude Flight) 
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Figure  16     Trajectorv  2C   Tocil  Procsure Coefficient Versus  Tino 
(High Altitude  Flight) 
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Figure   17    Trajectory 2C Fuselage Thin S'xln NTet Heating Rate Versus 
Time   (HU-li Altitude Flicht)   (TSTP) 
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Figure 18 Trajectory 2C Fuselage Thtn Skin Terr.oerature Versus Time 

(High Altitude Flight) (TSTP) 

:^ 



Figure  19    Trajectory 3A FllKht Parameters Versus Time  rAnpJLe of 
Attack » 50^) 
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Figure 20 Trajectory $3 Flight Parameters Versus Time (Angle of 
Attack « 15 ) 
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Figure  21    Suirunary of Trajectory  3A Convectlve Heating Rates Versus 
Time,   Laminar and Turbulent Plow,  Compared at Locations 
of One-Foot and Six-Feet Aft on Vehicle  Lower Wing Surface 
(HASTE) 
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Figure 22 Summary of Trajectory 3B Convectlvev Heating Rates Versus 
Time^ Laminar and Turbulent Plow, Compared at Locations 
of One-Foot and Six-Feet Aft on Vehicle Lower Wing 
Surface (HASTE) 
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?;ure 23    Trajectory 3AL1 Convectlve Heating Rates Versus Time, 
Laminar Flow,  One-Foot Aft,  on Wing Surfaces at 
Various  Local Expansion Angles  (HASTE) 
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Figure 32    Trajectory 3BL Local  Pressure Versus Time,  Laminar 
Flow,   One-Foot and Six-Fee t Aft,  on V/tng Surfaces 
at Various  local Expansion Angles 
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Flßure 33    Trajectory 3AL12E Temperature-Time Distribution Through 
an Opaque Fused Silica Window,  1  1/2" Thick,  Mounted as 
Shown,   Located One-Foot Aft,  Flush with Lower Wing 
Surface,  laminar Plow 
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Quantitatively,agreement la difficult to obtain because the precise 
temperature distribution is not known through the glass.    Before exact 
calculations can be obtained, these distributions must be known.    Addi- 
tionally, the edges of the glass panels were constrained because of the 
necessity of holding the panel upright.    It is believed that this con- 
straint prevents the glass from expanding linearly, and thus causes It 
to bow.    This results in a greater surface curvature than would be 
expected from temperature distribution alone. 
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Table II 

DESCRIPTION CF GLASS OEST PANEIfl 
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Identifying Letter dass type Camlng Code 

A 1723 Glass 1" thick 9" diameter 5860Q.7 

B 1723 Glass 1/2" Thick 9" dlomter 586015 

C 1723 Glass 1** Thick 9" square 586oad 

D IJkO Glass 1" Thick 9" square 586018 

E 1723 Glass l/2H Thick 9 square 586016 

P 79kO Glass 1" Thick 9" square 586018 

0 1723 Glass 2" Ohlck 9" diameter 586015 

H 1723 Glass 2n  Dilck 9" square 586020 
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FIGURE  57 

SCHKHATIC DRAWING OF rr!ffi BIAOB  SPACE GHOV/IKG THE BACK IRINCIPAL 
PLAirH MID TlIE FOCAL FOUrP,   EMPORE AIID .^FTiJR TOMER  13 INTRODUCED TO 
SHE SYSTEM.     Ir^ FOUJT V1   REPRESENTS THE VbRTSX OF THE LENS,  .MID 
E THE rOSITION OP THE PRINCIPAL PLANE BEPORE IOWER IS INTRODUCED. 
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FIGURE 58 

SCHMATIC DRA,.^r^TG OF TOE  IMAGE 3PACE GHO^OHG THE POSITIOM AND 
mmsasEB OF 'VHE EXIT HJPIL, THE ANGLE OF OOIIVSRGENCE, THE 

RADIUS OF THK ELUR CIRCXS,  AND THE rOoITION OF THE IMAGE PLANE 
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FUNCTION 

FIGURE 59 

TIG EillSTSmf DIGT^irU'lTCN tUlTCTIONS FOR SINGLE 
V0W2 RESrONJÜ AND THK COMFOSITE FUNCTION 
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FIJUai    öi 

GRAPHICAL PRciamlTATIOU OF TOI^HABLi MXXDOtf 
PO.aüi,  IliASUÄiJ) IH FiOIiG^ OV^a A 2 IMCH 
APrÄTOR*,  FOR VARIOÜÜ FOCAL X^HGfB UäßdS, 
P-STOP SJTTIIioo AIIO Z^COMSZC CSJIBLLLTlzS, 
THi SOLID LlNüS R&Füi3^NT BO DiCciAi^ATlUN OF 
Tibu llAQi,    TOü BROiüilJ USSS R^yücaullT A 
IC!* DsiGtlADATIOll IM Wa iLÄOLVTlOU 
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FIGURE  62 

GRAPHICX VBt&SUTktlCm OF TOI^TiABLB '..11,'bO / 
po.äia, i^'iSuiuD IN FaiHo-s ovaa A  2  iron 
AP^xiiUiu, Fon v.Jiiouü K)C;.L Ldiaia L.:;^O. 
F-oTOP SßTUHOS AHO IHaOUSIC C.'-P.^ILIT^J. 
THii SOLID LUES lUPlL^l.T I.ü DüCaADATlOII CJP 

10,0 DüGüADATiOW Hi SHri ic^ULUVi^i. 
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FIGURE 63 l 
CRAPHZCAL PRESENTATION OF TOLEöABUä VilNDOW 
FOMSL, IfiASURCD IN ERINGcS OVER A 2 INCH 
APERTUHB, FOB VARIOUS FOCAL LbKGIH LcJidi^S, 
p-siop asmNos AND INTRINSIC CAPABILITL^. 
IHA SOLID LINUS RLPRCSIHT NO DDCRADATIOU OF 
TH4 IMAQfi.  THE BROKEN LINES Ruta^^T A 
ICtf QBCRAOATION IN THE RESOLUTION. 
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FIGURE 65 Test arrangement to check the effect of 
window samples on the Image formed from 
a colllmator beam. 

F-LJURE 66    Interferometer with window sample  in 
test position. 

116 



FIGURE 67 Interferometer fringe pattern witho it vlndav 
glass In test position. This represents the 
ideal pattern for spherical power. 

FIGURE 66    Window sample A In test position.     Circle at 
right represents colllmator objective diameter 
(1.5  In.) on the  scale of the photograph. 
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FIGURE 69 Window Sample B in interfercoeter test position 

FIGURE 70 Window Sample C in interferometer test position. 
Circle at right represents the diameter of the 
collimator objective (1.5) 
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FIGURE 71 Interferometer pattern for window sample D 

FIGURE 72  Interferometer pattern for window sample E. 
Circle at right represents the colllmator 
objective diameter. 
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FIGURE 73 Intarferoneter pattern for glass sample F. 

FIGURE Jk Interferometer pattern for glass sample G. 
Circle at right represents the diameter of 
the colllmator objective. 
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FIGURE 75    Interferometer pattern for glass sample H. 
Circle at right represents coTUmator 
objective diameter. 
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Figure 76 Test Setup for Photographing Test 
Fringe Pattern 
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FIGURE 77 Fringe pattern produced by two  test flats. 

FIGURE 78 Fringe pattern produced by test flat and 
uncoated surface of vindov sample A. 
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FIGURE 79 Fringe pattern produced by test flat and window 
sample B. 

FIGORE 80 Fringe pattern produced by test flat and window 
sample C. 
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FIGURE 81 Fringe pattern produced by test flat and vlndow 
sample D. 

FIGURE 82  Fringe pattern produced by test flat and Window E 
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FIGURE 83 Fringe pattern produced by test flat and window 
sample F. 

FIGURE Qk    Fringe pattern produced by test flat and window 
sample G. 
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I 

FIGURE 83    Fringe pattern produced by teat flat and 
Window sample H. 
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Image  Plane 

Nodal  Points 

FIGURE CD    OBOMSTRT OF THE OPTICAL 3Y3TLM FOR DEVIATt.D AIJD UNDEVIATED 
RAYS. 
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FIGURE 6?    GECI^IRY OF THE DEVIATED AND Ulfü^VIA'raD RAYS BJ 'iHE IMAGE 
SPACE. 
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Fiauaa ßs 

Grrkph of the  i rctiuct of iic&olutlon and Focal 

Length as    a Function of the Qifreronea in 

Deviation,    Tlio Pnrareter is ^  , 

»   to« 
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FIGU.LJ    89 

Graph of Index of Refraction versus Temperature for Fused 
Si-tica Glass j/7940 
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flGURB 91 
Dla^raa of Ray Trace Showing Propagation Vectors» Formal Yectoref 
the Coordinate System, and the Angle of Deriatloa. 
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FIGURE 92 

Curvo of the Equation of Curvature 
for a Square Plate 
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PIGURJS 93 

darvo of the   -quation of Curvature 

for a Circular Plato 
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FRONT PLATE TEST GLASS 

9^   Dlagraa of Pressur« Test Setup, Shoving Location of Colllmatore 
la Pressur« Vessel 
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^^^^^^^^^H  Figure 9$ Colllmator                                        ^^^^^^^^H 

136 



90. 1         ; Mil i i 1 
_ ,  

1 i ■■lü' 
• M m 

■t ft 1      1 I                ; '■ n 
'a | ::;:..:;' t r!.'a 

St 
! !•; ;:| 

: j 

B€ 
j ^__._ 1  

— •- • |— j | 
1 1 -   — I |__ |— \ 

  1     1~ 
'1 

1 • -  ■j:i! L  j 1— J 
IC 

1 ■  i 
....  . [rr- 

L — |— r~~ 

.... 
i   I •—1 

si. 
i . . . . 
i ■ . . i j I 

9 <k 
i 

[—~ ■ [ - 4— 

/ r 10 
( 

1 

1.5 _ 

■ 

I ::' r  : 

— 

. ■ '    : ■ :   : 

...I .. 

1   -   < 

jili J;.' i i iiiiii 
, i... 

;  
...    . 

■ 

:•:■ 

■    . 

h:. 

■ 
O^ 

'   1 
"    '1 

' *tl 

< 

■ o 
)u 

9 O / 
i   r 

e 1- „^0  0 1 

; 
<       :    : f '   / Ö 

o 
^  ■ ■] I 

o           6 

>• 
J >         • 

O 
l -■j 

o "^   —- o 
«   , "T - 1   i .. 

0» '         5. 1 CKi   i I 

«i - 
_ ._ .   .. J - ■■   1 •■ — — ■ 

1      > 

-6 

T 

■ ^ 

j j 
- - i •} 1 

- • •   I   *    r 

o5      4 '            1 ...j 

- 

uS2 
i, w 
    j 

d ) 

A 

- < 

J 
y\ 

1 
I 

_. *-1 

L ,1      ,1 

it            1 

•        j 

/ 

* 

 j -_ J   —[ 

1 

'* 1 j 
: ■          1 

 1 

:;. 
1 

I 

1 J 
1 i.: »                2 2. i i 4 » b     ; n       ■     ■                          1. 

2C 
2. i       i 4 

AC 
5 b     ; 8    » 10 

FiarRK   96- 

Lifht Pevloti.n  v.'roun lr-     uirj  1' v Fused Sillcn „'YC'tO 
Glnzz.  v"   x "■'   x  1".  nt   '• tv>  rn-^lc     f Incj^cnce,   for 137 



10ft. [— »           — ■        -I"                   — 1 I 7" 

I 
,—,—^— —^— 

1    1 
T— i  

\ i i 
-i  

i—' Tl— 
Y —1 

HU 
i 1     1 ■ .   . j. .1 

;«_ [   • i 1 *>/ 
n 1 

• Q 

1 ■    ■ \  ! 
1 : ; ■                                                  • 

0M ! 

|  .... f L. j , •   1 j OcT 
r^ 

■ ^     \— 
L...1. 

«8 

|.... 
1  1—~ h 1 h-                  . 7   0 

1"" 

1—T" 
4? 1 

• ■ 

1 
A ■ — | 

ivf 
... 

3f_ i ^^ 
2.5 

■ 

—L_ i-j  

r ■> 

U o 3 0 
L    . J    , j 

> / 
/f 

A 
i 

2t_ 

1.} Lu ( 
J K | 

/ 

/ 

—„ —r-r rl — VA   

(   
■Z    ■■■ ; o 

/ 
/ .1: 

. .    .     . . 
  1 1 

/ft 
• 

/ 1 
9 o !     ^ 

C p y 
| J~ 

- 
. i y < >_ / 

7 
< / 

f> .           öj % \" t i 
u .._ s __ — — / — 

— 

__ .:_ —[ — ■ }■ ■■' \ 
d> i       5 B«         1 

o5     , ' 
—:. __.■ i     i 

7\ 
> 

I "     "1 

z z / . 

—• 

} 

| 

«IS 
E   .          3j 

  / 

id       1 < •• 

t1   ^J 
i ■ 

■ :             l 

 -J 
i 

|- X        1 

I.S | ; 
A 

i ij 
; t;:        : • 

i .a 2.» 0        .       b      b     lo 1.9 zo 
i.i       i 

■i0 
b        ;      8     9    ID 

PRESSURE" PSIC5 

I "    it Ceviatl; n v -i 
Glaaa,   <J'   x   •"        L" . 

r   • 

FIGURE 9T 
. •: •■   ] ror.  i '   r Ku^cd flilica  . '.".'''O 

'.';•        •      ■   An,:'.:  of  T•   ■ "      nee, 
■•i;.   1"     •:■   i  V   rLox 

133 



Llrht deviation voraus rrc-jyure  for   ''used  Silica   fT^kO Glass, 
9"   x (?"   x 1" .  at  U5 Degrees  Ancle  of Incidence,   for a point 
3"   from  Vertex 
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Light DcvlaLion versus t ressure for fused Silica ,/'9^0 Glass, 
9" x 9" x 1", at 22.5 De . ; /.r.jlc of In-idcnce, .or a Folnt 
1"   fron   Vertex.   (Second Cromber) 
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Flcuro J.06,   Tecperature arü Li Jit Devis-tlon versus Tims, Test No* 1 
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Figure 107,    Tenperature and Li^ht   deviation versus  Time,  Test IIo, 2 

40 

I 

500 

400 

300 

200 

100 

T 1 j 1 1 r 

Deviation vs.  Tine  (at Temp») 

Glass I,,x9nx9" 
ColH gator,  center 
Angle   of Incidence,  45 degrees 

Tecnerature vs.  Time 

- Mnutea 

149 



Ficure 10Ö*-     Temperature and Li^jht Deviation versus Time, Test No. 3 
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Figure   109L.   Tei^erature and Li^lit Deviation versus Time,  Test No« 4 
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Fißiire 110,    Tccperature and  Lieht Deviation versus Time,  Test No, 5 
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Figure 111.  Teniperature and Lieht Deviation versus Time, Test No« 6 
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Fisure 112..    Temperature and Light Deviation versus Time, Test No. 7 
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Figur©   113.   Temperature and Light Deviation versus  Time,  Test No.  8 
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Figure  LlU.    Temperature and Licht Deviation versus  Tijne, Test No. 9 
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Figure .115. Tenperature and Light deviation versus Time, Test No. 10 
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Figure ll6.    Temperature ard  LL.jht  Deviation V-TSUS   Tirae, Test No. 11 
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Figure 117. Tenperature and Liglt, Deviation versus Tin», Test No. 12 
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Fitere 118.    Tecperatur« and Li^it Deviation versus Time, Test No. 13 
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Figure I19.  Temporatore and Light Deviation versus Time, Test No. 14 
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Figure 120. Temperature and Li Jit Deviation versus Time, Test No« 15 
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Figure 121, Temperature and Light Deviation versus Tima, Test No. 16 
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Figur«   122«    Tenperatjire and Li^it Deviation 
Test No. 19 
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Figure 123.    Tenperature aod Light Deviation versus  TLrae,  Teat No. 20 
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Figure  12^.    Temperature and Light Deviation versus Time, Test No. 21 
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Figure 125k. Temperature and Light Deviation versus Time, Test No. 22 
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Figure 126.     Tempcraturo and Li^ht Deviation versus Time,  Test No, 23 
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Figure 127.    Temperature and Light Deviation versus Tirae,  Test No. 24 
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Figure   128.    Temperature and Light Deviation versus Time,  Test No. 25 
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Figur«  12^   Diagram Shoving Location of Thermocouploa on Panel 
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Section VI 

IUMINOSITY TEST PROGRAM 

One phase of the laboratory testing was an attempt to determine experi- 
mentally the dependence of optical deviation and resolution on boundary 
layer refraction, shock wave Interference, and luminosity.    It vaa Intended 
to produce luminosity In the gas layer over a vlndov In a shock tube,  and 
measure the effects of this luminosity on photographic Image quality.    Unfor- 
tunately, the cost of the experiment became prohibitive and the tests were 
not carried to completion.    That portion which was completed may contain 
useful Information for subsequent related programs, and Is reported In the 
following paragraphs. 

TEST CONDITIONS 

With the test facilities available It seemed feasible to produce a 
luminous condition with full flight simulation In the NAA shock tunnel. 
It was also Intended to run a higher Mach number, which would not provide 
full simulation, but would produce greater luminosity.    The luminous region 
for the particular test conditions to be used was based upon the work done 
by Vldya, Inc., References 1 and 2.    Since the accuracy of these computations 
was not claimed to be better than one order of magnitude,  It was not possible 
to determine beforehand whether luminous conditions would actually be obtained. 

Test conditions and goals established for the testing program were as 
follows: 

Observations through a non-luminous boundary layer will utilize 
a low-temperature gas In the shock tunnel.    This observation 
will be made by colllmator readings through a boundary layer 
created by a thick,blunt leading edge,  and comparing them with 
readings taken through a layer created by a sharp leading edge. 
Similar observations will be made for a higher Mach number 
luminous layer.     In addition it is intended to determine the 
fogging produced on photographic film by the luminous layer, 
to experimentally verify predictions of the amount of luminosity 
exhibited by a high Mach number boundary layer. 

The model should be as simple as possible,  with three angles of 
attack (0,  15,  and 50).    The test section will require a 
transparent section through which a lighted resolution target can 
be photographed.     It  Is estimated that the laminar boundary layer 
surface,  sharp leading edges and window fit  in the surfaces  should 
be made with an approximate surface roughness of less than five 
microinches, to keep the growth of the laminar boundary layer and 
the number of shock lines to a minimum.    The model mounting should 
be so designed that the  flat plates with windows on each side may 
be used to observe a two-dimensional heat transfer model between 
them (solid opaque material) which has the  same internal surface 
as presented by the test surfaces except rotated 90 degrees. 
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•nils is in the expectation of providing a photograph of the 
shock profile for the luminous tunnel conditions as veil as 
heat transfer data for the several angles of attack.    Hie 
use of gages will he required along the ceoterllne to get a 
chordvlse distribution of the heat transfer to the surface 
of Interest. 

TEST PROCEDÖRES 

Preliminary tests were conducted on a dvsaay model before construction 
of the actual model.    The purpose of the test was to determine the hlov 
time after a satisfactory start.    This test shoved that blockage of the 
model was too large to obtain satisfactory tunnel starts at the desired 
stagnation temperatures.    Theoretical calculations also shoved that full 
flight simulation could not be achieved In the l6 Inch square nozzle being 
used, due to the short run time and large throat requirements,  but dupli- 
cation could be obtained at N 10 In the 12 Inch round nozzle. 

The model vas redesigned to reduce tunnel blockage, and provisions 
were made to allow the model to be Installed In either the 12 Inch round 
nozzle or the 16 Inch square nozzle.    Thus,  If the blockage were too large 
In the round nozzle, data could still be obtained, albeit Imperfect,  in the 
larger apparatus. 

During this entire period It was confidently expected that useful 
experimental data would accrue from this admittedly secondary aspect of 
the program.    However, with model construction approximately $0% complete, 
a re-assessment of costs was made and, in view of the United budget of 
the overall program, the value of pursuing the shock tunnel testing at the 
expense of other aspects of the program became difficult to Justify.    Since 
there was no guarantee that further tests would be entirely successful in 
either of the two nozzles. It was decided to discontinue further work in 
this area.    The ASD Program Manager concurred that, while the experimental 
measurement of luminosity would have been of wide Interest,  it was  Impossible 
to sustain the rate of investment for that work within the funding of the 
present contract. 
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I n 

Section YH 

ST?yCTURAL IE3IGH 

nammmmtm 
Based on the experience accumulated during previous designs of vlndovs 

for supersonic and hjrpersonlc vehicles at North Aaerlcan Aviation, design 
criteria were evolved for use in this particular program.   These criteria, 
against which the design ideas were to he judged. Included: 

a)   Maintenance of aerodynamic smoothness at high tesperatures 

h)   Continuous maintenance of a pressure seal 

c)   Maintenance of structural integrity of the vindov material 

With these guide lines, and vith the thermodynamic data previously accumulated 
for the various trajectories of interest, several designs were produced for 
high*temperature vindov mounts.    The best of these designs are Included la 
this report. Figures 13° - 13^.   These designs are believed to be structurally 
sound, and should be applicable for use in a Dynasoar-type vehicle. 

DESICH CRITERIA 

The design of a high-temperature vindov mount is complicated by the 
requirement that the system withstand a vide range of temperatures during 
a fairly brief tine cycle.    Thus, in addition to being resistant to damage 
by heat, it must also maintain its structural integrity when exposed to 
thermal shock.    Tempered glass is generally uied in structural applications 
because of its ability to withstand high tensile loadings which occur during 
pressurlzatlon or thermal shock.    This ability is due to the stress distri- 
bution of unloaded tempered glass which has high compresslve stresses on 
the surfaces balanced by internal tensile stresses.    Since pressurized glass 
structure alioost always falls in tension at an edge (more rarely at a surface) 
but almost never Internally or in compression, tempered glass is able to with- 
stand comparatively high tensile loading.   This has the effect of reducing 
the compresslve stresses in the fall-prone surfaces while Increasing tension 
internally where failure virtually never occurs.    As tempered glass cannot 
be used in an optical system because of Its refractive properties, extra care 
must be taken to design for lower-strength glass under highly-loaded conditions. 
Specifically, a window mount for a hypersonic, Dynasoar-type vehicle oust be 
judged according to three basic criteria: 

(a) Maintenance of aerodynamic smoothness 

(b) Maintenance of pressure seal 

(c) Maintenance of structural stability 

174 



Without aerodynaaic smoothness the flov of air past the window would be 
seriously Impeded, resulting In excessive turbulence and excessive heating 
of the vehicle.   As the vehicle velocity Increases, the smoothness becoaes 
more critical.    If the the mal expansion of the glass could be made to match 
the expansion of the surrounding structure, the smoothness could be easily 
maintained,   unfortunately, the glass Is part of an optical system, and a 
low expansion Is desirable.    The best approach is to design the window to be 
flush with the surrounding structure during that part of the trajectory when 
the window is hottest, at its extreme expansion.   At other points in the 
trajectory, when the glass is cooler and the adverse effects of air turbu- 
lence are less detrimental to the vehicle, there will be a slight gap in 
the contour. 

If the pressure seal around the window were not maintained for the dura- 
tion of the flight, the ccnpartment air supply system would become overloaded. 
It is also necessary to maintain the seal In order to prevent explosive decom- 
pression, which would result In possible daaage to vehicle and camera. 

Loss of structural stability Is taken to mean breaking or cracking of 
the glass due to thermal or mechanical stress Imposed on the glass by the 
mount.    It Is assuraed that the glass Itself will withstand the thermal, environ- 
ment.    Breaking or cracking of the glass would result In a pressure leak 
and/or a degrading of Image quality.    The mount must be designed to be flexible 
and strong under all conditions to be encountered during any specific flight. 

WHiDOV MOUNT DESIGN 

Basic Mount 

Evolution of a typical basic window mount design for a Dynasoar-type 
vehicle Is shown In Figure 13©   reading from the right-hand part of the 
drawing to the left,    ^pe B-66 columblua was selected as the mount material 
because of Its strength and durability at fairly high temperatures.    The 
priisary mount is H-shaped In section, with rounded surfaces contacting the 
glass.    At room temperature the outer surface of the window is slightly 
Indented and bevelled with respect to the plane of the mount.    The slack Is 
taken up when the glass expands with terperature and rides up the Inclined 
surface.    The periphery of the glass is surrounded by a resilient Insulator 
such as "Fiberfrax."    (Recent tests at North American indicate that a 
ceramic insulator such as "Kaowool" has even tetter stability at temperatures 
to 2800 F).    Actual support of the glass at its periphery is accomplished 
by means of columbium springs at the tend on each surface.    Contact between 
spring and glass is avoUM through the use of insulation, in order to pre- 
vent hot spots. 

The pressure seal is r.aintained by rrcans of a colurbium foil pressed 
flat along the outer edge of the inboard glass surface.    Internal or environ- 
mental air pressure on the foil forces it into intln^te contact with the 
glass over a relatively large surface area,  preventing leakage.    The foil 
Is held flat by a wire hoop ring attached at the inside diameter of the foil 
washer.    This also prevents the possibility of rupturing of the foil due to 
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hoop tension loads.    The design Is self-adjusting. I.e., as the 
changes, the aount confIgurstloa also changes, la a direction which —fwt^iw« 
the seal.   The only feature of the design that could be considered undesir- 
able Is the concave radius which anst be ground at the edge of the outside 
surface.   This necessary feature Increases the cost of the window and. If the 
grinding procedure Is not perfomed correctly, could weaken the glass.    How- 
ever, If reasonable care Is exercised In the grinding, and If the sharp edge 
at the outer surface Is wery lightly chaatfered, no daaage should be expected« 

Ertenslons of Basic Design 

Figures 131 through 13t are logical progressions of the basic nount of 
Figure 130.    In the deslgu of Figure 131 the formed coluablua retainer is 
modified In configuration in order to provide a more positive retention of 
the glass panel at all tenperatures.   The other design features of Figure 
130 are retained. 

Figure 13? is an imaginative approach to solving the problem of differen- 
tial expansion of glass and metal.   Here small cylindrical tubes are placed 
around the periphery of the ring mount, each tube having an expandable 
bellows at one end.    The tubes and bellows are filled with nitrogen gas, 
which expands at elevated temperatures.    As the glass expands, it exerts 
force against the ring mount, and the resultant clamping action of the mount 
on the glass holds the glass steady even at higher temperatures. 

At higher temperatures columblua may tend to lose its spring constant. 
Figures   133 and 13^  show how a graphite tape may be used as an additional 
support,   nie "Fiberfrax" insulation takes up shock, and the resilient 
"Graphoil" tape holds the insulation in place.    In Figure 133 a segmented 
graphite strap is used, while in Figure 134  a full strap is shown as the 
holding mechanism to keep the glass steady.    The full strap nay be easier 
to fabricate. 

Conclusions 

The designs presented in Figures 130 through 13^  are for a typical 
hypersonic vehicle.    The mounts provide for the maintenance of structural 
stability, aerodymunlc smoothness, and prcssurizatlon during flight.    Ihese 
concepts are flexible enough to be used in a wide range of environments. 
Flirther detail must avait establishment of more precise operating conditions. 

Mounts for a hypersonic short-flight vehicle and a low-altitude supersonic 
vehicle are shown schernatlcally in Ficures 7 and 13-    Since this type of 
mount has already been demonstrated on the X-15 research vehicle, no further 
design effort was indicated in this program. 

Prerrpsed Method for Protecting Window 

Since the effect of a heated window on the lange quality of high acuity 
systems is so severe,  some method should be devised to protect the window 
from becoming hot.    A possible protective device would be a louver-type 
shutter that opens only when a picture is to be taken.    It would then close, 
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shutting off the heat supply to the vlndov. It Is felt that this eonflgara- 
tion Is the aost suitable, because It vould open and close rapidly and vould 
not disrupt the airflow as seriously as the other openings. 

Figure 135 la a sketch of a possible configuration. This figure lllua~ 
trates the shape and geometry of the system. It Is recoonended that a 
coolant be circulated Into the cavity between the window and the shutter 
when the shutter Is closed to keep the wlnoiow temperature as close as possible 
to that of the camera cavity. It la assumed that for the abort period of 
tine that the shutter would be open, the window would not be significantly 
heated to cause degradation of resolution. 

The mechanism for actuating the louvers should he a mechanical device. 
Electromagnetic devices, such as activating solenoids, lose many of their 
properties above the curie temperature. This temperature will probably be 
far below the operating temperature of the shutter. 

FEASIBILITy OP PROTECTIMC THE WXNDOtf 

The aerothermodynsmlc analysis (Section IV) Indicates that considerable 
protection can be provided for the window hy controlling the expansion of 
the air layer over the window. Ihla can be effected hy sloping the window 
relative to the vehicle mold line. If the window Is located on an aft posi- 
tion and is sloped to an angle of about 30 degrees, the convectlve heating 
rate Is reduced by some 30 percent in laminar flow and over k-0 percent la 
turbulent flow. These are theoretical values for a blunted two-dimensional 
wing, and may not reflect accurately the situation in a three-dimensional 
problem. However, there Is no reason to believe that three-dimensional data 
vould not be of the same order of magnitude, and so a considerable degree of 
optimism Is warranted. A study of the particular flow characteristic of 
specific vehicles and missions vould, of course, he necessary in any case, 
but it is believed that the feasibility of protection has been clearly esta- 
blished. 
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Section VIII 

COUCLÜSIOMS AND RECCMMEWDÄTIOHS 

HIPERSOinC RECONNAISSANCE PHOTOGRAPHX 

The deviation of image forming rays through a window depends directly 
on the temperature-time parameters of the trajectory. If the temperature- 
time parameters of the trajectories calculated in Section IV of this report 
are correct, then it is relatively easy to determine the effect of the 
thermally curved vindcw since the temperature distribution calculated varies 
only with thickness. This means that Eq. (6U) can be used to determine the 
surface curvatures, and these results can be substituted Into Eq, (93), to 
obtain ray deviations.  If the deviations are known, then the resolution can 
be determined by the method outlined In Section V.  However, if the tempera- 
ture-time results are incorrect, or if mechanical or dynamic pressure effects 
are present, then the situation will be seriously altered and predictions of 
resolution will be very difficult. 

During orbital flight the outside surface temperature of the window will 
probably never exceed 1^0 F. The temperature gradient through the glass will 
be essentially zero. Light rays will not be deviated by the glass, and de- 
gradation of image quality can be considered insignificant. The information- 
gathering capacity of the photographic system will then depend on lens 
quality, film resolution capabilities, and other parameters not directly re- 
lated to the window, and will be equivalent to that of other satellite 
vehicles. 

During re-entry, on the other hand, the outside surface temperature of 
the window rises sharply. The inside surface, protected from the heat by the 
window's own absorption capabilities, is generally at a lower temperature. The 
difference in temperature induces a curvature in the window which then acts 
as an unwanted additional optical element In the camera system.  If the radii 
of curvature of the two window surfaces are not concentric or are not equal, 
the image quality of the photograph may be seriously degraded.  The extent to 
which it Is degraded Is not easily calculable without knowledge of the exact 
internal temperature distribution for a particular environment and window 
mounting. 

On the basis of the work presented herein, reconnaissance photography 
during hypersonic re-entry is not reconr..ended, unless some provision is made 
to protect the window. 

SUMMARI OF PROGRAM ACCOMPLISHMENTS 

1) Assessment of analytical predictions - The validity of previous 
analyses concerning the effects of induced curvature on image quality has been 
refuted by experimental test. 

2) Explanation of discrepancies - Discrepancies between calculated values 
and measured values are due to inadequacy of certain assumptions in the 
analyses. The theory has been modified so that more accurate predictions can 

be made. 
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3) Dlathennanous vlndov calculations - A computer program has beem 
developed, which can be used vlth other programs to provide more accurate 
temperature distributions through partially-transparent materials. 

k)    Controlled-expansion flov - The feasibility of protecting ct 
windows from extreme thermal environments by means of controlled expansion 
flow has been established. Controlled expansion is achieved when the aft 
end of the window is tilted inward from the vehicle moldllne. The density 
of the air passing by the tilted window is reduced by a controlled amount, 
resulting In a net reduction of heat transfer to the window. 

5) Window mount design - Several designs have been prepared for a 
window mount to be used in a 2000-2500oF environment. These mounts achieve 
structural stability of the window-mount system while L ilntalning aero- 
dynamic smoothness and an adequate pressure seal. 

6) Deviation measurements - Measured values of optical deviation 
through a photographic window have been obtained as functions of tempera- 
ture, pressure differential, distance of the light beam from the center of 
the window, and angle of incidence of the light beam with respect to the 
normal to the window. 

?) Qynasoar window properties - Tenperature-tlme curves and heat 
transfer curves for a camera window have been prepared for typical Qynasoar 
trajectories. These values are believed to be considerably more precise 
then previously available data. 

REC0MMENDATI0M3 

In order to more closely simulate the environmental factors which 
affect window performance, it is reconroended that flight testing be 
seriously considered In any subsequent program. The reasons for this 
recommendation are as follows: 

(1) Protecting the window from the thermal environment by means 
of a controlled expansion surface hes been shown theoretically 
to be feasible. However, some of the assumptions used In the 
analysis are necessarily imprecise, and a verification of the 
results by Teems of operational tests would be valuable-. 

(2) The Inboratory tests which verified the analytical predictions 
were necessarily confined to lower tenperatures than would be 
encountered in flight.  In addition, the laboratory tests were 
designed to investi£ate the effects of a single parameter at 
one time. A flight test is desirable for simulation of several 
contributing factors simultaneously, at tenperatures more cloeely 
approximating the expected operational conditions to be encoun- 
tered. 

(3) The design for a window mount is based on design experience 
gained in previous aircraft programs. A prototype should be 
designed in detail, labricated, tested In the laboratory. 
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modified as necessary, and finally proof-tested in actual 
flight. A method for measuring local temperatures within 
transparent tr.aterials has recently been developed (not under 
this contract), at I.'orth American, Reference 22. 

It is proposed that consideration be given to a follow-on combined 
analytical, laboratory, and flight testing program, the flight test utiliz- 
ing the X-15 research aircraft or so:re other vehicle capable of simulating 
the desired environment. The reco---jnded program would Include the follow- 
ing areas of investigation: 

1) Continuation of the analytical work in aerothermodynamics and optics, 
to more precisely define the structural problems. 

2) Detail design of window and mount to comply with specific require- 
ments of hypersonic vehicles. Window material, size, and shape would be 
optimized. A stress analysis would be performed on the window-mount system. 

3) Fabrication of a prototype window and mount, and laboratory environ- 
mental testing of the system. 

k)    Installation of the system on a suitable aircraft, (e.g. X-15)# 
and instrumentation as necessary to acquire useful operational data. 

5) Flight test, and interpretation of accrued data. 

Recommended analytical work in aerothermodynamics includes the following 
activities: 

a) Checking out the computer programming techniques more rigorously. 

b) Defining the flow field and lurlnosity effects by simulation of 
flight conditions in a shock tunnel. This will establish the 
relative importance of window radiation, and also provide 
experimental data on the effectiveness of protection methods 
in reducing local flow heat transfer. 

Recommended analytical work in optics includes: 

a) Construction of an apparatus to incrementally move the Image 
plane of an optical collimator system of which a heated window 
is an integral component. This will permit separation of 
defocusing effects from dc^radation-of-resolution effects, and 
will provide greater insight into the mechanisms involved. It 
may be possible, for example, to employ a feedback circuit 
from window to camera, to maintain the focal plane at optimun 
position. 

b) Continuation of the analytical work presented herein, to the 
Investigation of skew rays and curved image "planes". Th» 
mathematics could be kept reasonably simple by assuming 
specific camera parameters. 
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c) Construction of an apparatus for direct recording of transfer 
functions of heated windows. 

d) Investigation Into the practicability of directly neasurlag 
Internal teiroeratures of a glass panel having a temperature 
gradient between surfaces. A method developed at RAA/lAD 
appears feasible. Reference 22, but has not been proven 
experimentally.* 

*Note: Headquarters AFSC Aeronautical Systems Division Letter Peauest 
for Proposed, number ASD PR 5977-N-1Ö, dated 9 October 1903, 
is directed toward this type of Investigation. 
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